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Abstract 
Integrating thermal energy storage (TES) device with building cooling heating and power (BCHP) system proves to be an 
effective way to improve the performance of the whole system. In this paper, the applicability of TES-BCHP system is 
investigated according to the relationship between user load demands and system energy supply. Based on the supplied thermal 
power ratio of the prime mover and the required one of users, a new parameter, the degree of mismatch (DM), is defined. 
Moreover, the relationship between primary energy saving ratio (PESR) of TES-BCHP system and DM is established, under 
following thermal load (FTL) and following electrical load (FEL) respectively for three different working conditions. The 
preliminary results show that the more DM approaches to unity, the higher PESR of TES-BCHP will be. It also indicates that 
TES-BCHP is more applicable for those where the heating demand is dominant. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
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1. Introduction 
Natural-gas-driven building cooling heating and power (BCHP) system is of high energy utilization ratio, good 
environmental protection performance, high energy supply safety and reliability [1, 2]. Nevertheless, some practical 
BCHP systems do not work efficiently. On the one hand, thermal and electrical demands of users are not 
synchronized. On the other hand, building loads are fluctuating during one day, which results in part load working 
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condition and lead to low energy efficiency of the energy supply devices [3]. Thus accurate feasibility evaluation 
and rational match between energy supply and energy demands are necessary for the realization of advantages of 
BCHP system [4]. 
Integrating thermal energy storage (TES) device with BCHP system proves to be an effective way to improve the 
part load performance of the whole system and saving the primary energy consumption (PEC) [5]. Many studies 
investigated on the thermodynamic or economic analysis of co-generation systems with TES [6-9]. However, some 
TES-BCHP systems are not energy-saving compared to separated generation systems, or even worse than the 
traditional ones. It was found that the energy saving effect of TES-BCHP system highly depends on the user load 
characteristics [10]. To evaluate the asynchronism between heat and power demand, Li [11] proposed a new concept, 
simultaneous ratio (SR), and found that BCHP system is more feasible for those whose SR value is relatively low. 
Although TES equipment can reduce the asynchronism of user loads in one cycle to some extent, it fails to alleviate 
the disparity of the energy amount between supply and demand [12]. 
Nonetheless, few researches focused on the applicability of TES-BCHP, especially the relation between its 
applicability and load characteristics. How to quantitatively describe the energy amount of supply-demand mismatch 
and how to analyze its influence on the energy saving effect of the TES-BCHP system are important but unsolved 
problems. In this paper, the applicability of TES-BCHP system is investigated according to energy supply-demand 
mismatch for three typical kinds of user load under different operation strategies. This work is of high significance in 
guiding the application of practical TES-BCHP systems. 
2. Methods 
2.1.  Typical processes of separated generation and BCHP system 
To directly compare the energy saving effect of traditional system and TES-BCHP system, it is assumed that both 
these systems utilize natural gas (NG) as the primary energy. As shown in Fig. 1(a), in a separated generation 
system, electricity is supplied by the power grid and the compression chiller is often used to meet cooling demand in 
summer. The efficiency of integrated gasification combined cycle (IGCC) at the power station can reach about 55%. 
It is assumed that ηgrid=50%, considering the electrical loss for long distance delivery [12]. Moreover, the electrical 
chiller (EC) is used to produce cooling water (COPEC=5) in summer and the gas boiler (GB) is used to meet heating 
demand (ηboiler=90%) in winter. 
Fig. 1(b) shows the typical process of a BCHP system. The gas turbine (GT) is driven by NG to generate power. 
Meanwhile, the absorption chiller (AC) utilizes the exhaust gas to produce cooling water in summer (COPAC=1.2). 
In winter, the heat exchanger (HE) utilizes those exhaust gas to produce hot water and the insufficient heat can be 
make up by the GB. For the operation strategy, some researches show that following thermal load (FTL) is better 
than following electrical load (FEL) for energy saving [13]. Hence, the BCHP system gives priority to meet 
cooling/heating demand and the insufficient electricity can be bought from the power grid. 
 
 
(a) 
EC User
GB
IGCC
NG 
P
C
H
Grid
1105 Yin Zhang et al. /  Procedia Engineering  121 ( 2015 )  1103 – 1110 
 
(b) 
Fig. 1. Schematic diagram of building energy supply system: (a) Traditional separated generation system; (b) BCHP system. 
2.2. Definition of degree of mismatch (DM) 
To improve the performance of BCHP system under part load condition, a TES device can be used to improve 
the efficiency of energy supply devices (GT and AC) under part load condition [5]. In ideal situation, the prime 
mover (i.e., GT) can work steadily under the rated condition in TES-BCHP system [14]. Hence the supplied thermal 
power ratio (TPRs) of the prime mover can be obtained as follows: 
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where Qs,0 and Es,0 represent the supplied thermal and electrical power under the rated condition. According to the 
users’ thermal and electrical demands in one cycle, the needed thermal power ratio (TPRd) can be expressed by 
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According to the supplied and demand thermal power ratio, DM is defined as 
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DM represents the degree of mismatch between energy amounts of supply and demand in one cycle. Table 1 
gives the meaning of DM under FEL and FTL operation strategies respectively. 
Table 1. Meaning of DM for TES-BCHP under different operation strategies. 
Operation strategy DM DM>1 DM<1 
FEL Qd/Qs (Es,0=Ed) 
Boiler complement for the 
lacking power  Extra heat is wasted 
FTL Es/Ed (Qs,0=Qd) 
Sell extra electricity to the 
power grid 
Buy electricity from 
the power grid 
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When DM=1, the supplied heat and power just meet the user requirement. The greater the difference between 
DM and unity is, the larger gap between energy supply and demand should be. For electrical load, it is assumed that 
the co-generated power is both purchasable and merchantable to the power grid. For the heating load, when the 
supplied heat is insufficient, the lacking part can be compensated by the GB. Whereas when the supplied heat is 
more than needed one, the superfluous heat has to be wasted. 
2.3. Relationship between primary energy saving ratio (PESR) and DM 
To evaluate the energy saving effect of TES-BCHP system, compared to traditional separated generation system, 
the PESR can be defined according to the primary energy consumption (PEC). 
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PECPECPESR                                                                                                                    (4) 
It is assumed that all energy supply devices (GT and AC) can work steadily in TES-BCHP system. For FTL 
mode, the merchantability of co-generated power has a great impact on the PESR of TES-BCHP system. When the 
system is used to meet heating, cooling and power demand simultaneously, the accumulated heating load ratio (r) is 
defined, to describe the ratio of heating load to the overall heat demand in one cycle as follows: 
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According to the r value, both cooling and heating loads can be converted to overall thermal demand (Table 2). 
Table 2. Relationship between supplied energy and demand load for Cooling & Heating & Power working condition. 
System Es/J Hs/J Cs/J 
Separated system Ed Ed·TPRs·DM·r Ed·TPRs·DM·(1-r)∙COPAC 
TES-BCHP (FTL) Ed Ed·TPRs·r Ed·TPRs·(1-r)∙ COPAC 
TES-BCHP (FEL) DM·Ed Ed·TPRs·DM·r Ed·TPRs·DM·(1-r)∙COPAC 
 
Based on the defined DM, r and aforementioned system process, the mathematical relation between PESR and 
DM can be obtained. Table 3 gives the analytical PESR expression under different operation strategies (FEL and 
FTL) for three typical working conditions (Heating & Power, Cooling & Power, Heating & Cooling & Power). 
Table 3. Analytical expression of PESR of TES-BCHP under different operation strategies for three working conditions. 
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superscript a/b represent the co-generated power is/isn’t merchantable to the power grid 
3. Results and Discussion 
Based on the aforementioned mathematical model, the specific PESR values of TES-BCHP system can be 
obtained for different working conditions (Heating & Power, Cooling & Power, Heating & Cooling & Power). As 
discussed above, it is assumed that the GT always works under the rated condition (η0=33%, TPRs=2) in TES-
BCHP system, and that ηgrid=50%, ηboiler=90%, COPAC=1.2, COPEC=5. The calculation results are shown in Fig. 2. 
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Fig. 2. PESR variation with changing DM. 
When the system works under FEL mode (Fig. 2a and c), for both Heating & Power and Cooling & Power 
working conditions, the PESR increases first and then decreases after the peak value with increasing DM. When 
DM=1, PESR reaches the maximum value, which means that only the system supplied energy just equals the load 
demand (TPRs=TPRd) can the TES-BCHP system save most primary energy consumption, compared to the 
traditional system. 
However, the situation is quite different for FTL mode (Fig. 2b and d). The merchantability of the co-generated 
power has a great impact on the TES-BCHP energy saving effect. When the co-generated power is merchantable to 
the power grid, along with the increasing DM, PESR increases monotonously for Heating & Power demands, 
whereas decreases monotonously for Cooling & Power demands. When the co-generated power is not merchantable, 
the PESR variation curve is totally the same to the former when DM<1, whereas PESR decreases sharply when 
DM>1. The main reason is that for FTL mode, supplied heat always equals the required one, so the extra electricity 
is wasted if it is not merchantable to the power grid when DM>1. Hence the merchantability of co-generated 
electricity is favorable for energy saving. 
Fig.2 also indicates that the PESR is always negative for Cooling & Power working condition, meaning that 
separated generation system is more energy-saving than TES-BCHP system. The possible reason is that the 
traditional compression chiller’s refrigeration efficiency is much higher that the absorption chiller in BCHP system 
(COPEC=5, COPAC=1.2). So the TES-BCHP is more suitable for heating and power load demand. Fig. 3 gives the 
PESR calculation results for Cooling & Heating & Power working condition. 
 
1109 Yin Zhang et al. /  Procedia Engineering  121 ( 2015 )  1103 – 1110 
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(c)  
Fig. 3. PESR variation with changing DM for Cooling & Heating & Power working condition: (a) FEL; (b) FTL: power is merchantable; (c) FTL: 
power is unmerchantable. 
It shows that both DM and r impact the PESR for Cooling & Heating & Power working condition. The influence 
of DM on PESR keeps unchanged as the aforementioned two working conditions, in terms of that PESR reaches the 
maximum value only if DM equals unity. The results indicate that PESR always increases with increasing r, which 
represents the ratio of heating load to the overall thermal demand in one cycle, no matter whether the operation 
strategy is FEL or FTL. It means that the energy saving effect is more remarkable when the heating load is dominant.  
To emphasize, only if the PESR is positive, the TES-BCHP system is preferable than the traditional system for 
energy saving. The optimal situation happens when it works under FTL mode and the co-generated electricity is 
merchantable to the power grid. In that situation, both higher r and DM lead to greater PESR. 
4. Conclusions 
Compared to the traditional separated generation system, the energy saving effect of TES-BCHP system highly 
depends on the relationship between user loads and system energy supply. In this paper, based on the supplied 
thermal power ratio of the prime mover and the required one of users, a new parameter, DM, is defined and the 
analytical expressions of PESR are established for three working conditions with different operation strategies, in 
order to investigate the applicability of TES-BCHP system from the perspective of energy saving. The preliminary 
results show that the more DM approaches to unity, the higher PESR of TES-BCHP will be. Moreover, TES-BCHP 
is more applicable for those where heating load is dominant. In addition, the merchantability of co-generated 
electricity is favorable for energy saving. This work is of high significance in guiding the application of practical 
TES-BCHP system. 
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